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1. INTRODUCTION 
Carboxyestcrasc in 
Maleculrr cvelution: EWXW~; Thyraglobulin; C&xi: duplicuriun: Qrne t’uaion 
mnmmalian liver hydrolyzes 
xenobiorics containing ester, chioestcr or amino bonds. 
Therefore, its main physiological role is thought o be in 
drug metabolism and decoxication of many harmful 
chemicals in our environment (1). Carboxyesterase El 
of rat liver is one of the carboxyesterases present ex- 
clusively in the lumen of the cndoplasmic reticulum (21. 
To identify the amino acid sequence of rat carbox- 
yesterase El responsible for its retention in the en. 
doplasmic reticulum, we determined the primary strut. 
ture of cDNA clones of this enzyme [3]. 
cukaryotic esccrases, and show that an ancestral car- 
boxycsccrsse evolved into various proteins with related 
or completely different functions by a series of gene 
duplications and by gene fusion. We also suggest hat 
the COOH-terminal part of thyroglobulin may have 
had, or still has some other unknown function than be- 
ing a precursor of the thyroid hormone. 
The physiological function of carboxyesterase El is 
not clear, but some clues on its function may be obtain- 
ed from its evolutionary origin deduced from a 
phylogenetic tree of sequences related to those of car- 
boxyesterase El. Therefore, we searched for sequences 
homologous with that of carboxyesterase El. More 
than 10 eukaryotic esterases were included in the data 
base used, but only 5 of them showed significant 
homology with carboxyesterase E 1. Carboxyesterase El 
also showed homology with the COOH-terminal half of 
thyroglobulin. 
Based on the comparisons among the primary struc- 
tures of these esterases and some serine proteases, 
Myers et al. proposed that the catalytic mechanism 
these sterases use, is the same Arg-Asp-Ser or His-Asp- 
Ser charge relay [4]. In this paper, we propose the 
evolutionary origin of thyroglobulin and a group of 
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2. MATERIALS AND METHODS 
Seven proteins with homologous scgucnccs to that of rat carbox- 
ycstcrasc El were identified in a sequence data bnse containing 
EMBL, GENBANK, and NBFR by USC of the method of tipman and 
Pearson [S]. Alignments for some pairs out of the 8 sequences were 
obtained and then the full sequences were aligned by inspection of 
pair-wise alignments introducing the minimum number of insertions 
and deletions IO obfain the maximum number of identical amino acid 
residues among the 8 proteins (Fig. I). 
The evolutionary distance D between each pair out of the k? se- 
quences was calculated by Jukes and Cantor’s formulation [6], The 
standard error of the distance was calculated according to the for- 
mulation of Kumura and Ohta [7], A phylogenetic tree for the 8 pro- 
teins was constructed by the NJ method [8] and by a modified 
UPGMA method [9,10), where no assumption of a constant evolu- 
tionary rate was introduced. 
3. RESULTS 
We aligned the sequences of 8 proteins as described in 
section 2 (Fig. 1). Table I shows the sequence identities 
of all pairs of these 8 proteins. The identity between the 
rat and rabbit carboxyesterases is 65.6%; this value 
shows that this family has evolved more rapidly than 
the globin family having about average volutionary 
speed among various proteins [111. As can be seen, the 
identity varies from 17.5% to 79.1%. An identity of 
more than 20% is usually required for the statistical 
significance, i.e. to conclude that two sequences are 
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derived from a common ancestor [12), The  identities 
between Dro.~ophllo mel#nofltts;#.' ¢sterase-6 and all 
other sequences, except human cholinesterase and 
Torpedo c'olifor~ica cetylcholinesterase, are critical to 
be concluded as significant. However, th¢ identity bet. 
ween D. me/anoga~ter ¢sterase-6 and rat thyro=lobulia 
is 28% between residues 22 and 126 in the numbering 
system of rat carboxyesteras¢ El, The Functional: 
similarity between those csterases, includinlt~ D, 
melanogaster estcrase-6 suggests that these enzymes 
were derived from a common ancestor Ion= a=o and this 
family evolved witl~ hl~lh speed, so their overall identity' 
is low, The identities of  D, melanotlnst~r ¢s|eras~-6 wi|h 
7". c.ltfor~iea acetylcholine~terase and human 
¢holinesterase are slightly hiaher, i.e, 22,8~a, and 
2~.7%. Th~ identity matrix (Table l) as well as the func- 
tional resemblance of the sequences of these proteins 
shows that they belon~ to a same superfamily and that 
D. melanogaster sterase.6 is distantly related to the 
other sequences. 
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Fig, 1, Alignment of 6 esterases indicated as rat cest, rab cest, D.ra. est6, hum Chest, T.c. AChest, D.m. AChest, (rat carboxyesterase El [3], rabbit 
carboxyesterase [22], Drosophila melanogaster sterase-6 [13], human cholinesterase [23], Torpedo californica [14] and D. melanogaster [24] 
acetylcholinesterases), andCOOH-terminal portions of two thyroglobulins indicated as boy Tg and rat Tg (amino acid residues 2168 through 2750 
of bovine thyroglobulin [25] and 387 through 967 of rat thyroglobulin [26]. Each sequence of esterase starts at the NHz-terminal residue o f  the 
mature enzyme without a signal sequence. The numbering system of the residues follows the one in rat earboxyesterase El [3]. As the cleavage 
sites of the two esterases from D, melanogaster a e not known, we predicted the ~roee~si1~g tsoints according to tile generar structure of the signal 
sequences [27], Amino acid residues are denoted by single letters in small print except for the following capital etters: C, cysteine residues that 
participate intramolecular disulfide bonds in 7", californica acetylcholinesterase nd human cholinesterase (positions 81, 110, 311. 326, 485 and 
619) [28,29]: Y, tyrosine residues that are iodinated in thyroglobulin (positions 465. 479 and 671) [25,261: S and H, active site serine and histidine 
residues of several esterases (positions 255 and 527) [3], 
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To see whether the identities were limited to some 
particular egionsi we examined the cxtcnts of conscr- 
vntion of amino acid residues at all positions aligned of 
7 proteins, excluding escerase~6, which has the lowest 
identity to carboxycsterase El. In Fig. 2, however, the 
positions, where all of the 8 proteins have the same 
amino acid residues, arc inclicnted by arrows. Positions 
where at lcasc one gap appeared in the alignment are 
denoted as having a zero degree of conservation, This 
diagram reveals that invariant residues are mainly 
located in the NH;r-terminal halves of the molecules, 
although regions with a high degree of conservation are 
found also in their COOH-terminal halves. 
A phylogenetic tree of the esterase superfamily was 
constructed from the evolutionary distances D 
calculated from the identity matrix (Table 1)as describ- 
ed in section 2. The two different methods used gave 
essentially the same phylogenetic tree. Therefore, only 
the tree constructed by the NJ method is shown in Fig, 
3, This phylogenetic tree shows that these 8 sequences 
can be roughly divided into 3 groups (esterase&,thy- 
coglobulins and other esterases) as a result of gene 
duplications. The common ancestral gcnc existed 
before the divergence of vertebrates and insects, 
because the both duplications occurred before the 
divergence of T. cdij%miea and LX rnehoganer 
acctyleholinesterascs. Since csterase-6 is a earboxy- 
esterase [13], the ancesrral gene had probably the func- 
tion of a carboxyesterase. One of the groups generated. 
by this gene duplication was the direct ancestor of the 
gene encoding the COOH-terminal part of thyroglo- 
bulin and the ancestral gene of the other estecases than 
esterase-6. Another duplication leading to choline-, 
acetylcholinc-, and carboxyesterascs occurred later. 
The lineages of choline- and acetylcholine-esterases 
branched within a very short time period, Therefore 
their relationship in this tree may not reflect the true 
evolutionary order. 
4. DISCUSSION 
Homology between the cstcrases and thyroglobulins 
was first discovered by comparison of the primary 
structures of ‘T. culifornica acetylcholinesterase and 
1 6, Lb 1, * , 
1 
rl nnrl 
-s-s ’ J 150 
Tyr 
0 
Amino Acid Position 
Fig. 2. Degrees of amino acid conservation at each site in 7 proteins excluding esterase-6. Arrows indicate the sites where the residues are conserved 
in all 8 proteins aligned (Fig. l), S-S shows 811 intramolecular disulfide bond as described in the legend to Fig. 1. Tyr, Ser and His are the same 
as Y, S and I-I, respectively, expLined in the legend to Fig. 1. 
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bovine rhyroglobulin [ 141, and thex,r! twa pratrinx were 
suglgzrtrd to have a common evolutionnry ariain 
[M,l6], 
Swillens et RI, [I51 detected rhc requcnce homology 
between the CCKMi-terminal portions of bovine 
thyroylabulin and ‘p: ~n/Cpslr&~ ~cecy~c~~~lin@ster~e 
and anrzlyaed their kydropnrhy profiles, Through these 
observations, they suggested a similar rhree- 
dimensional structure for these sequences. But in the 
COBH-terminal halves of the proteins, sequence iden- 
tities are lower than those in the NE&terminal halves 
(Fig, 2). It remains to be investigated whether these 8 
proteins have a common conformation in the regions 
showing low identity. Mori et al. [16] analy;sed the 
homology between rat thyroglobulin and T. ccr/(fotwicu 
acet),lclrolinesterase and sugecstcd that the gene en- 
coding the COOH-terminal part of the thyraglobulin 
had evolved from 8 redundant copy of the 
acccylcholinesterase gene. The relationship shown in 
Fig. 3 indicates, however, that both acetylcholincsterase 
and thyroglobulin evolved from a common ancestral 
gene that encoded carboxyesterase, 
Comparative cndocrinolagical studies have shown 
that the most primitive animal that uses a 
thyroglobulin-like, high molecular weight iodoprotein 
as a precursor of thyroid hormone is the lamprey 
[17,18]. The lamprey bctongs to the agnatha, the oldest 
class of vertebrates. It is also known that 
acctylcholincsterase i  much more widely distributed in 
organisms than thyroglobulin [191. On the other hand, 
the present study showed that the ancestral gene of the 
COOH-terminal part of thyroglobulin evolved by a 
gene duplication from an esterase-like ancestor, and 
Fig. 3. Phylogenetic tree for the 6 esterases and the COOH-portion of 
the two thyroglobulins constructed by the NJ method. The 8 se- 
quences are indicated as described in the legend to Fig. 1. The values 
next to a branch estimate the branch length in numbers of amino acid 
substitutions per site. At least two possible gene duplication sites are 
shown by the filled circles, 
that thcgencofthe weetylch~lirrcrtera~~evatved later by 
rtnothcr gmc ctupkritrion, Our findings also indicate 
that RC least the COQHmrerminal part of’ the 
rhyraglabulin originated before rhei divergence of 
vertebrates and invertebrates, Later, this gene fused 
with the aneedrrnl g,ene ncoding the reet of the present 
thyroglabulin, 
The fact that the lamprey appeared at least 100 
million years after the divergence of vertebrates end in- 
vertebrates indicates that the ~OUH-terminal part of 
thyroglobulin may have had some physiological func- 
tion(s) other than as a precursor of thyroid homrene, 
However, a~ we constructed the phylageneric tree 
wifhout assuming t\ constant evolutionary rate, we can 
not estimate the time of gene fusion from the tree. A 
peptide corresponding to the COOH-terminal part of 
thyroglobulin may be expressed in modern cukaryotea 
lower than the lamprey, 
The hagfish, a salt-water agnatha, produces a much 
smaller iodoprotein than that of the lamprey as a 
precursor of thyroid hormone. Recently, Ohri;iya et al. 
[20) isolated a iodoprotein of hagfish thyroid and show- 
ed that it differs from thyroplobulin. This structural 
difference between the- iodoproteins of hagfish and lam- 
prey supports our hypothesis t;lat the ancestor of the 
COOH-terminal part of thyroglobulin, which might 
have had some other unknown function, was recruited 
as a precursor OF thyroid hormone at almost the same 
time as the lamprey, a fresh-water agnatha diverged 
from hagfish, a salt-water agnatha, However, since no 
structural information is available about the precursor 
of thyroid hormone of lamprey, there is a possibility 
that this precursor has a different ancestor from that of 
higher vertebrate thyroglobulin in spite of their similar 
biochemical properties, An example of a protein having 
a similar function but different ancestors is observed in 
microbial ribonucleases and mammalian ones [21]. 
Determination of the primary structures of the thyroid 
hormone precursors both of hagfish and lamprey, and 
comparison with those of higher vertebrates will pro- 
vide Further clues to understand the origin of thyroid 
hormones. 
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